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1
CORROSION-RESISTANT COOLANT SALT
AND METHOD FOR MAKING SAME

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application claims the benefit of U.S. Provi-
sional Patent Application No. 62/731,243, titled “CORRO-
SION-RESISTANT COOLANT SALT”, filed Sep. 14, 2017
which application is hereby incorporated herein by refer-
ence.

INTRODUCTION

Molten salts are often used in industry as a heat transfer
fluid, or coolant, especially in conjunction with high tem-
perature processes such as those found in nuclear power
plants, concentrating solar thermal power plants, and steel
and other metal manufacturing. However, molten salt cool-
ants are often highly corrosive. Prior approaches to reducing
the corrosion caused by coolant salts have relied on either
continuous exposure to a sacrificial anode in the salt of an
easily oxidized and inexpensive metal, such as zinc or
magnesium, or purification of the coolant salt via magne-
sium cadmium alloys. Purification via magnesium cadmium
introduces an undesirable cadmium waste stream which
must be handled. A submerged sacrificial anode’s effective
range is not well understood and, in certain circumstances
may vigorously generate hydrogen and precipitate particu-
late in the coolant salt.

BRIEF DESCRIPTION OF DRAWINGS

Various aspects of at least one example are discussed
below with reference to the accompanying figures, which are
not intended to be drawn to scale. The figures are included
to provide an illustration and a further understanding of the
various aspects and examples, and are incorporated in and
constitute a part of this specification, but are not intended as
a definition of the limits of a particular example. The
drawings, together with the remainder of the specification,
serve to explain principles and operations of the described
and claimed aspects and examples. In the figures, each
identical or nearly identical component that is illustrated in
various figures is represented by a like numeral. For pur-
poses of clarity, not every component may be labeled in
every figure.

FIG. 1 illustrates, at a high level, a method for reducing
the corrosivity of a salt.

FIG. 2 illustrates a more detailed embodiment of the
method of FIG. 1 treating a salt that has a melting point
below that of Mg, such as NaCl-—MgCl, eutectic.

FIG. 3 illustrates a corrosion testing apparatus 300 created
to test the improved performance of the low corrosion
NaCl—MgCl, salt compositions created by the method
above.

FIG. 4 illustrates the representative locations of the plan
and cross section views obtained as part of testing loops.

FIG. 5 presents the plan view images of the surface of the
interior of the tubing from the main heated section

FIG. 6 presents the cross section view of the tubing from
the same experiments as shown in FIG. 5.

FIG. 7 illustrates a block diagram of an embodiment of a
system for treating salt using embodiments of the method
provided above.
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FIG. 8 presents the cross section view of the tubings from
the same experiments, this time showing the removal of Ni,
Fe, and Cr.

CORROSION-RESISTANT COOLANT SALT
AND METHOD FOR MAKING SAME

This document describes a method for reducing the cor-
rosivity of certain magnesium salts. The salt product result-
ing from the method exhibits reduced corrosion of steels that
come into contact with the salt relative to salt compositions
that are not so treated. This makes such treated salts more
efficient coolant salts as they will require less equipment
replacement over time. The method uses magnesium metal
to reduce unwanted impurities in the salts the reduced
impurities are then removed as either gas or precipitate from
the now purified salt. Without being bound to one particular
theory, it is believed that the reduction of the level of
impurities in the salt results in a salt with substantially
reduced corrosiveness to steel.

DETAILED DESCRIPTION

Before the corrosion-resistant coolant salt compositions
and methods of manufacture are disclosed and described, it
is to be understood that this disclosure is not limited to the
particular structures, process steps, or materials disclosed
herein, but is extended to equivalents thereof as would be
recognized by those ordinarily skilled in the relevant arts. It
should also be understood that terminology employed herein
is used for the purpose of describing particular embodiments
of the sodium-tin coolant compositions only and is not
intended to be limiting. It must be noted that, as used in this
specification, the singular forms “a,” “an,” and “the” include
plural referents unless the context clearly dictates otherwise.
Thus, for example, reference to “a lithium hydroxide” is not
to be taken as quantitatively or source limiting, reference to
“a step” may include multiple steps, reference to “produc-
ing” or “products” of a reaction should not be taken to be all
of the products of a reaction, and reference to “reacting”
may include reference to one or more of such reaction steps.
As such, the step of reacting can include multiple or repeated
reaction of similar materials to produce identified reaction
products.

This document describes a method for reducing the cor-
rosivity of a salt. The salt product resulting from the method
exhibits reduced corrosion of steels that come into contact
with the salt relative to salt compositions that are not so
treated. This makes such treated salts more efficient coolant
salts as they will require less equipment replacement over
time. The embodiments are described in the context of a
NaCl—MgCl, eutectic salt, such as may be used as a molten
coolant salt in high temperature (i.e., above the melting point
of the salt, in this case 445° C.) heat transfer operations.
However, the method is equally applicable to any NaCl—
MgCl, salt composition and pure MgCl, salt.

Salts for which this method may be suitable include any
Mg(l, salt that includes one or more of the following LiCl,
NaCl, and KCI. For example, embodiments of low corro-
sivity salts of MgCl,—NaCl, MgCl,—LiCl, MgCl,—KCl,
MgCl,—NaCl—LiCl, MgCl,—NaCl-—KCl, MgCl,—
NaCl—LiCl—KCl, and MgCl,—KCIl—LiCl could be made
using this method.

FIG. 1 illustrates, at a high level, a method for reducing
the corrosivity of a salt. In the high level embodiment
shown, the salt treated by the method 100 will exhibit
reduced corrosion of metal components that come into
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contact with the treated salt relative to the same salt com-
position that is not so treated.

In the embodiment shown, the method starts with a
mixing operation 102 in which the salt to be treated, e.g.,
NaCl—MgCl, eutectic, is mixed with an excess of Mg metal
at a temperature above the melting temperature of both the
salt (in this case, 445° C.) and the Mg (i.e., 650° C.),
whichever is higher to create a liquid salt-Mg mixture.

The NaCl—MgCl, salt to be treated may be obtained
from any commercial or private source or created from
scratch. Regardless of the source, the NaCl—MgCl, salt is
presumed to include trace amounts of impurities such as
chlorides of transition metals, chlorides of other metals, and
water. Such impurities include such compounds as water, Fe,
FeCl,, Cr, CrCl,, Ni, NiCl;, Cu, CuCl,, V, VCI,, Ti, TiCl,,
Mn, MnCl,, Mo, MoCl,, Zn, and ZnCl,. For example,
NaCl—MgCl, having less than 500 ppm of impurities is not
commercially available. Rather, various grades of NaCl—
MgCl, salt (e.g., advertised as “99% pure by metals anhy-
drous” or “ultra dry 99.99% pure”) with varying (often
unspecified) levels of impurities (e.g., water and oxides and
hydroxides of Na, Mg, as well as other cations such as Ni,
Cr, and Fe, and chlorides of cations other than Na and Mg)
are commercially available.

Impurities are compounds that are not the salts themselves
(i.e., neither Na, Cl nor Mg in a NaCl-—Mg(l, salt). Impu-
rities may be the result of corrosion of metals during the salt
manufacture, or due to poor handling or exposure after
manufacture. Regardless, in many cases, the impurities may
be in such trace amounts that some or all may be below the
detection limits of common analytical methods and, thus, are
not reported by the manufacturer. In particular, impurities
that are oxygen containing (e.g., Mg(OH),) are hard to
differentiate and identify and are believed to contribute
heavily to the corrosivity of a salt. Without being bound to
any particular theory, it is believed that the mixing of the
liquid Mg metal with the liquid salt causes the Mg metal to
react with trace impurities in the salt resulting in the impu-
rities forming insoluble reaction byproducts that can then be
easily removed from the salt. It is further believed that it is
the impurities in the salt that are the cause of corrosion and
this removal of the impurities is what gives the resultant
treated salt its improved corrosion performance. For
example, it is believed that the Mg metal will react with any
trace Mg(OH), to produce MgO and hydrogen gas, and with
any trace metal chlorides such as nickel, iron, and chromium
chloride to reduce them to their base metals. Magnesium
oxide, nickel, chromium, and iron are insoluble within the
salt.

In the case of NaCl—MgCl, eutectic and other NaCl—
MgCl, salts having a melting point above the melting
temperature of Mg of 650° C., any excess and unreacted Mg
metal may also be removed by performing an optional
cooling operation 104. In the cooling operation 104 the
temperature of the salt and Mg is reduced to below the
melting temperature of Mg, thereby causing the excess Mg
to precipitate out of the salt. The cooling operation 104 is
illustrated in dashed lines to highlight that it is an optional
process as some salts may not have a melting point below
650° C. (e.g., 10 mol % MgCl,—90% NaCl which has a
melting point of approximately 775° C.) and in some cases
the existence of excess Mg in the salt may not be an issue
(for example, in a salt composition precursor designed for
transit and further processing prior to use as described
below).

Regardless of whether the cooling operation 104 is per-
formed, after the mixing, the reacted impurities (e.g., base

10

15

20

25

30

35

40

45

50

55

60

65

4

metals such as nickel, iron, and chromium as well as
Mg(OH),, as well as any gases such as hydrogen or HCl
generated during the mixing operation 102) are removed in
a separation operation 106. The separation operation 106
may include any physical liquid-liquid or liquid-solid sepa-
ration technique now known or later developed, such as
filtration, settling (gravity separation), centrifugal separation
(e.g., via a hydrocyclone or other centrifugal separator)
and/or similar. In an embodiment, the separation operation
106 may be a simple filtering of the salt-Mg mixture. In an
alternative embodiment, the separation operation 106 may
include passing the salt-Mg mixtures through a series of
knockout chambers at the same or progressively lower
temperatures to allow the insoluble products to be removed
from the salt. This allows for fractionation of the impurities
if desired. In yet another embodiment, skimming may be
performed to remove reacted impurities, if any, that are less
dense than the salt. Likewise, gases generated by the mixing
operation 102, such as hydrogen gas, may be removed by
any conventional method. For example, sparging the salt-
Mg mixture with an inert gas, gravity separation, or simple
agitation by spinning a mixing blade or impeller in the
salt-Mg mixture are various methods that could be used to
separate reactive gases from the salt-Mg mixture.

Another gas that is removed by sparging is HCl, which is
a byproduct of the reaction of hydrogen from impurities with
chloride ions in the salt-Mg mixture. Sparging may be part
of the mixing operation 102 or the separation operation 106
or both. For example, in an embodiment the gases are
removed via sparging during the mixing operation 102 and
the solids are removed as part of the separation operation
106. In an alternative embodiment, the separation may be a
two step operation in which the mixture is first sparged for
some period of time (from 1 minute to 10 days, such as 30
minutes, 1 hour, 4 hours, 8 hours, 16 hours, 20 hours, 1 day,
1.5 days, 2 days, 2.5 days, 3 days, 5 days, etc. although
ranges from 1 hour to 2 days and even 12 hours to 36 hours
are considered sufficient) to remove gases and then solids are
separated from the mixture through a filtration, gravity
separation, centrifugal separation, or any suitable liquid-
solid separation technique. The sparging time may be
selected based on batch size, equipment size or configura-
tion or any other consideration.

The resulting low corrosion NaCl—MgCl, salt can be
differentiated from the starting salt by its corrosion proper-
ties and the remaining impurities relative to the original,
untreated NaCl—MgCl, salt. As mentioned above, the
impurity levels may be so low as to require special analysis
to compare the impurity differences between the initial salt
and the treated salt. Regardless, embodiments of the Mg
treatment described herein will produce an identifiably dif-
ferent salt composition by its corrosion performance relative
to that of the initial salt. Additionally, a comparison of the
redox potential of the treated salt to that of the untreated salt
will further allow differentiation between the two.

Finally, in absolute terms through the method above salts,
particularly NaCl—MgCl,, having impurity levels at or
below 500 mg/kg or parts per million (ppm), 400 mg/kg, 300
mg/kg, 250 mg/kg, 200 mg/kg, 150 mg/kg, 100 mg/kg, 75
mg/kg, 50 mg/kg, 25 mg/kg, 20 mg/kg, 15 mg/kg, 10 mg/kg,
and even 5 mg/kg can be obtained. For example, stated
another way, salts having between 0.01 and 500 mg/kg,
between 0.01 and 400 mg/kg, between 0.01 and 300 mg/kg,
between 0.01 and 250 mg/kg, between 0.01 and 200 mg/kg,
between 0.01 and 150 mg/kg, between 0.01 and 100 mg/kg,
between 0.01 and 75 mg/kg, between 0.01 and 50 mg/kg,
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between 0.01 and 25 mg/kg, between 0.01 and 20 mg/kg,
between 0.01 and 10 mg/kg, and between 0.01 and 5 mg/kg
can be obtained.

FIG. 2 illustrates a more detailed embodiment of the
method of FIG. 1 treating a salt that has a melting point
below that of Mg, such as NaCl-—MgCl, eutectic. In the
embodiment shown, the method 200 can start either with a
salt manufacture operation 202 or an alternative obtaining
operation 204 in which the salt is obtained from a commer-
cial or other source. In either case, the NaCl—MgCl, salt is
not 100% pure, but rather has at least some impurities of
those described above with reference to FIG. 1.

Mg metal is then added to the salt in an addition operation
206. The Mg metal can be of any purity level at or greater
than 90%, such as 99% or even 99.9% which is commer-
cially available. In an embodiment, the Mg metal is added as
flakes, a rod, or a puck of solid metal to the salt. In an
embodiment, a rod of Mg metal may be threaded to a steel
rod that is inserted into the salt. After raising the temperature
of the salt to above the melting point of the Mg metal, the
steel rod may be periodically removed in order to confirm
that the Mg metal has been removed from the steel rod.

In an embodiment, any amount of Mg may be added in the
addition operation 206 as the resulting treated salt will be
better performing than the untreated salt. However, in an
embodiment of the method, because the amount of impuri-
ties will typically be unknown it is desirable to add an excess
of amount of Mg, that is, excess sufficient to remove any
anticipated levels of impurities. In an embodiment, an
excess amount of Mg is defined as adding at least 1 part by
weight Mg metal to 500 parts NaCl-—MgCl, salt. The range
of excess amounts of Mg to salt (by weight) are 1 part by
weight Mg metal to 500 parts NaCl—MgCl, salt, 1 Mg to
450 salt, 1 Mgto 400 salt, 1 Mg to 350 salt, 1 Mg to 300 salt,
1 Mg to 250 salt, 1 Mg to 200 salt, 1 Mg to 175 salt, 1 Mg
to 150 salt, 1 Mg to 100 salt, 1 Mg to 75 salt, 1 Mg to 50
salt, 1 Mg to 25 salt, 1 Mgto 10 salt, and 1 Mgto 1 salt. This
includes any intermediate ranges such as 1 part Mg to
50-450 parts salt, 1 Mg to 100-300 parts salt, 1 Mg to
150-250 parts salt, and any other combination of ratios in the
preceding sentence.

Although the addition may be done at such a temperature
and pressure that either or both of the Mg metal and the
NaCl—MgCl, salt in the solid or liquid phase, in the
embodiment shown it is assumed that the addition is per-
formed under conditions where both the Mg and the salt are
solid. Although the Mg addition operation 206 is illustrated
before heating, it should be noted that the Mg addition
operation 206 can be performed at any time before or after
the salt has been heated. For example, the Mg addition
operation 206 may be performed after the first heating
operation 210 or even after the second heating operation
216, discussed below.

In an embodiment, the addition operation 206 is done in
an inert environment, such as in an argon or other inert gas
atmosphere. During the addition operation 206 the inert
environment may be stagnant or may be under a continuous
or semi-continuous purge.

In the embodiment shown, after the addition operation
206 a heating operation 208 is performed. The heating
operation 208 heats the Mg metal and the NaCl—MgCl, salt
to a target temperature above the melting point of both the
salt and the Mg metal to obtain a liquid Mg-salt mixture in
which the Mg metal and the NaCl-—MgCl, salt are in the
liquid phase. In the embodiment shown, the heating opera-
tion 208 also maintains the salt-Mg metal mixture at or
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above the target temperature and under agitation for some
period time to allow for the Mg metal to react with the
impurities.

The heating operation 208 may be done in an appropriate
heating vessel while purging the Mg and salt with a flow of
inert gas, such as argon. The purge may also be used to
remove any gaseous impurities liberated or generated
through reaction with the Mg during the heating operation
208. Such gases or vapors may include, for instance, boiled
off water, hydrogen, and HCI generated by the reaction of
Mg with the impurity Mg(OH), and/or other hydroxides as
described above.

The heating operation 208 may be performed in several
discrete steps for safety depending on the solid/liquid state
of the constituents and the constituents used. This may be
done to prevent a vigorous release of water from the Mg
metal and the NaCl-—MgCl, salt which may occur when the
salt transitions from the solid to the liquid phase while
containing a large amount of water. In the embodiment
shown, as discussed above the salt is NaCl-—MgCl, eutectic
(melting point below that of Mg metal) and the Mg metal
and the NaCl-—MgCl, eutectic salt are both initially solid.

In this embodiment, an initial slow heating operation 210
raises the temperature of the solid Mg-salt combination to
just below the melting point of the salt. This drives off some
water from the solid salt. During this initial heating opera-
tion 210, the rate of water removed from the vessel by the
inert gas purge may be monitored to determine when the rate
of water being driven from the salt has been sufficiently
reduced. In an embodiment, this determination is made by
comparing the water removal rate or some other metric
related to the water content in the inert gas purge stream
removed from the vessel to a predetermined threshold.
When the threshold is determined to have been met, the salt
is then heated above its melting point in a second heating
operation 216.

In an alternative embodiment, shown, the generation of
HCI gas from the salt-Mg mixture is monitored during the
initial heating operation 210 instead of or in addition to the
water removal. In this embodiment, the heating is done at a
slow rate, such as below 10° C./minute, 5° C./minute, 1°
C./minute, below 0.1° C./minute, or even below 0.01°
C./minute, until the generation of HCl is noted. For example,
in an embodiment, gas from the heated vessel is passed
through a water bath maintained at a temperature below the
boiling point of water so that water gas is collected in the
bath. HCI gas can be visibly detected through observation of
the water bath for bubbles passing through the bath. Alter-
natively, an HCI sensor may be provided to determine when
HCI is being generated from the salt. Upon detection of
significant HCl generation, the heating rate may be
increased in order to limit the corrosion caused by the HCl
gas to the equipment by transitioning to the second heating
operation 216.

In the second heating operation 216, the Mg-salt combi-
nation is then heated to a target temperature above which
both the Mg metal and NaCl—MgCl, salt are liquid, thereby
obtaining a liquid Mg-salt mixture at or near atmospheric
pressure. The target temperature of the Mg-salt mixture
obtained by the heating operation 216 may be any tempera-
ture at which both the Mg metal and NaCl—MgCl, salt are
liquid. For example, if the salt is NaCl—MgCl, eutectic
(boiling point 445° C.) the final temperature achieved by the
second heating operation 216 may be 650° C., 660° C., 670°
C., 680° C., 690° C., 700° C., 750° C., 800° C., or even
higher. The pressure may be at any pressure, although this
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will affect the cost and the melting points of the constituents
changing the appropriate target temperature as is well
known in the art.

The initial heating operation 210, the second heating
operation 216, or both may include actively agitating the
Mg-salt combination. In an embodiment, this may be
achieved by actively purging the inert gas through the vessel
and its contents. In an alternative embodiment, this may be
done using an agitating device, such as a rotating stirring
paddle or an impeller within the salt, or by vibrating the
vessel. In the embodiment shown in FIG. 2, the liquid
Mg-salt mixture is agitated by directing the purge stream
through the liquid contents of the vessel. Any conventional
form of agitation, now known or later developed, is con-
templated and may be used.

The liquid Mg-salt mixture is then maintained at or above
the target temperature for as long as desired in a temperature
maintaining operation 214. In an embodiment, it is desired
to maintain the temperature at or above the target tempera-
ture until it is believed that the Mg metal has fully reacted
with the impurities in the salt. In an embodiment, a prede-
termined amount of time may be selected, for example
empirically or based on an expected level of impurities, to
ensure the Mg has fully reacted with any impurities. For
example, holding the salt-Mg mixture at or above the target
temperature for a period of time such as at least 1 minute, 10
minutes, 1 hour, 4 hours, 8 hours, 12 hours, 24 hours or even
48 hours, noting that larger batches may benefit larger
holding times.

In an alternative embodiment, instead of selecting a time
period to maintain the liquid Mg-salt mixture at or above the
target temperature, one or more parameters may be moni-
tored, such as the water removal rate described above, and
a determination made based on the monitored parameters
that the treatment has sufficiently progressed. For example,
in an embodiment, the liquid Mg-salt mixture may be
maintained at the final temperature until a visible change in
the mixture is observed or until a water removal rate is
achieved. In another embodiment, the redox potential of the
salt may be monitored and the heating operation 216 termi-
nated when a target level is obtained.

In the embodiment shown, the generation of HCl is used
as an indicator of the extent of the reaction between Mg and
the impurities. In this embodiment, it is presumed that the
reaction is sufficiently complete after the HCI generation has
peaked and fallen below some quantitative or qualitative
HCI generation threshold.

In the embodiment shown, an HCI monitoring operation
215 is performed during the temperature maintaining opera-
tion 214. In an embodiment, simple observation that the
amount of bubbles observed passing through the water bath
has dropped to below some number of bubbles per period
time may be used to monitor the generation of HCI gas from
the salt-Mg mixture. In an alternative embodiment, an HCI
sensor may be used to quantitatively monitor the HCI
leaving the salt-Mg mixture. In yet another embodiment, a
flow meter may be used to monitor the amount of total gas
exiting the Mg-salt mixture.

Regardless of how the HCI is monitored, a determination
operation 217 is performed to determine when the HCl
generated from the salt-Mg mixture has fallen to or below a
selected threshold. For example, a quantitative threshold
could be selected based on the observed flow of bubbles
through the water bath and the generation rate of HC1 may
be monitored until the rate is below a desired threshold.
Regardless, through selection of the threshold the impurity
level in the treated salt can be controlled with lower thresh-
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olds presumed to obtain more pure treated salts. If it is
determined that HCI generation is above the threshold, the
temperature maintaining operation 214 continues. However,
upon reaching the threshold, the reaction is deemed suffi-
ciently complete and the maintaining operation 214 is ter-
minated which, in the embodiment shown, also terminates
the overall heating operation 208.

After the heating operation 208, the liquid Mg-salt mix-
ture is then optionally cooled in a cooling operation 218 to
a cooled temperature below the melting point of Mg but
above the melting point of the salt. This solidifies any excess
and unreacted Mg. The final cooling temperature used may
be any temperature below the melting point of Mg but above
the nominal melting point of the salt, noting that this method
may be used for many different salt embodiments for which
their melting points will vary. In an embodiment, the final
cooling temperature selected is near the melting point of the
salt, such as a range between 0.001° C. above the nominal
melting point of the salt at a lower end of the range to 5° C.,
10°C., 15°C., 20° C,25°C.,30° C., 40° C., 50° C., or even
100° C. above the salt’s nominal melting point at the higher
end of the range, as long as the higher end of the range is
below the melting point of Mg. The salt may be held within
this cooled temperature range for any period of time suffi-
cient to allow some or all of the Mg to solidify.

After the cooling operation 218, the solid Mg and any
solid reacted impurities are separated from the salt in
separation operation 220 to obtain a treated NaCl—MgCl,
salt composition (which may be referred to alternatively as
a magnesium-reduced salt composition, a treated salt com-
position, a magnesium-treated salt composition, a reduced
corrosivity salt composition, or a low corrosion salt com-
position). In an embodiment, the separation operation 220
includes a settling operation in which the salt is maintained
at the final temperature for a period of time to allow solid Mg
and impurities to settle out of the salt. In this embodiment,
the period of time may be any time period within a range of
1 minute, 10 minutes, or even 1 hour at a lower end of the
range to 12 hours, 24 hours or 48 hours at the upper end of
the range.

In an embodiment, the separation operation 220 includes
passing the Mg-salt composition within the cooled tempera-
ture range through a filter to remove any solids entrained in
the liquid salt. In this embodiment, the filter may be heated
slightly to ensure the salt does not cool during while passing
through the filter. The filter may be any suitable filter that
will not introduce additional impurities into the salt. In an
embodiment, the filter is a stainless steel 40 micron filter.
However, filters of any suitable material may be used. In
addition, filters with a nominal filter size of less than 500
microns may be used, although filters of from 1 micron to
100 micron are anticipated to be more effective. For
example, a nominal 1 micron, 2 micron, 4 micron, 5 micron,
10 micron, 20 micron, 25 micron, or 30 micron filter may be
used.

The methods described above could be further adapted to
reduce the corrosivity of a salt while it is in use as a coolant.
For example, excess magnesium could be added, periodi-
cally or continuously, to coolant salts while those salts are in
use as heat transfer fluids in a coolant circuit. In an embodi-
ment of this application, some amount of magnesium metal
could be introduced directly into a coolant salt stream to
reduce its corrosivity “in situ” as it were. In an alternative
embodiment, a side stream or batch could be removed from
the coolant stream and then treated in a continuous or
batchwise manner. In streams where the salt temperature and
pressure exceed the melting point of Mg, the Mg could be
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added to the liquid stream at or just prior to the location
where the salt conditions exceed the Mg melting point. The
Mg will then promptly melt and be well mixed by the flow
of the salt around the coolant circuit. A filter or settling tank
could be provided at some cooler point in the circuit to
collect and remove any reaction byproducts as described
above. A gas removal system, such as headspace in an
expansion tank, could also be provided to collect any
gaseous byproducts formed from the reaction of the Mg with
corrosion products in the coolant circuit.

Alternatively, an existing coolant circuit could be modi-
fied to include a magnesium treatment system. In an embodi-
ment, the magnesium treatment system is designed to add
Mg metal to the main coolant salt stream or slipstream of
coolant salt, heat the mixed stream to ensure the Mg melts
into the salt, and then passes the mixed stream through a
separator. Such a magnesium treatment system may include
an Mg source, a mixer, a heating element, and a separator as
either separate components or integrated into a single sys-
tem. The various components could be sized for a given flow
of coolant salt to allow for a specific residence time to ensure
adequate contacting and adequate reaction time as necessary
to improve the corrosion performance of the salt.

In yet another aspect, to facilitate performance of the
above methods, commercial-grade salt could be packaged
with some amount of Mg metal and provided as a precursor
product to salt users and manufacturers with instructions on
how to perform the methods described above in order to
create the low corrosion salt composition from the precursor
product. In this embodiment, because the salt will be later
treated, the salt portion of the product need not be particu-
larly pure. For example, 90%, 95%, or 99.0% pure by metals
NaCl—MgCl, salt could be packaged with Mg metal. In an
embodiment, the Mg metal could be separately packaged
and included with the NaCl—MgCl, salt.

Similarly, a precursor product may include 1-500 parts of
90-99.99% NaCl—MgCl, and 1 part Mg, which may be in
the form of Mg metal. This material could be packaged for
sale or made in a batch by adding the constituent materials
together before, during or after melting and agitation.

FIG. 7 illustrates a block diagram of an embodiment of a
system 700 for treating salt using embodiments of the
method provided above. In the embodiment shown, a heated
vessel 702 is provided with an access port 706 through
which salt 708 and the Mg metal 710 can be inserted into the
vessel 702. The temperature of the vessel 702 is controlled
by an external heating jacket 704. In the embodiment shown,
the Mg metal 710 is a rod threaded onto a movable steel rod
712 that is inserted through the access port 706 as described
above. In this way the Mg metal can be inserted into the salt
708 in the vessel 702 at any time.

During operation, salt 708 fills the vessel up to some level
714 leaving a headspace 716 above the salt 708. An inert
gas, in this case argon, is sparged through the salt 708 from
below via a transfer line 734. This agitates the liquid salt and
Mg metal as well as assisting in the flow of evolved gases
from the vessel 702. An optional impeller 740 is also
illustrated which could be used to provide additional agita-
tion or could be used in place of the flow of inert gas as the
sole source of agitation. Gases exit the vessel 702 through a
gas outlet 722 in the headspace 716.

The gas outlet 722 is connected by piping 718 to a water
trap 720. The water trap 720 is cooled by a cooling jacket
724 and contains water 726 up to some level 728. The gases
from the vessel 702 enter the water trap through a gas inlet
730, bubble through the water 726 and exit via a gas outlet
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732. Water is collected in the cooled water trap 720 while
argon and HCI pass through to a treatment system (not
shown).

A filter 736, such as a stainless steel 40 micron filter as
discussed in greater detail below, is provided in the transfer
line 734. By passing argon through the filter during sparging,
the filter is protected from corrosion until the salt treatment
is completed. After the treatment is completed, the treated
salt 708 is then removed through the filter 736 via the
transfer line 734. This is but one example of a salt treatment
system 700 suitable for performing the methods described
above.

EXAMPLES

The following process was used to prepare the treated
NaCl—MgCl, salt compositions for corrosion testing
against untreated salt compositions. The process started by
mixing 99.99% pure by metals, but “anhydrous”, magne-
sium chloride and 99.99% pure by metals sodium chloride
to create NaCl-—MgCl, (58-42 mol %) salt in a reaction
vessel. The 99.99% pure by metals MgCl, and NaCl were
obtained from commercial sources (Alfa Aesar). Table 1 lists
the impurities of commercial constituent salts as reported by
the manufacturer.

TABLE 1
Impurity In MgCl, Salt (ppm) In NaCl Salt (ppm)

Mg Matrix 2
Na 140 Matrix
Cl Matrix Matrix
Li <0.005 <0.1
Al 4 0.9
Si 2 2
K 260 80
Ca 6 0.3
Cr <0.01 <0.1
Fe 1 5
Cu 0.4 0.2
H ND <0.2
Be <0.005 <0.2
B 0.2 <0.2
C ND <0.2
N ND <0.2
o ND <0.2
F 3 <0.2
P 0.5 <0.2
S 1 <0.2
Sc <0.01 <0.2
Ti 3 <0.2
A% <0.01 <0.2
Mn <0.01 <0.2
Co <0.02 <0.2
Ni <0.02 <0.2
Zn <0.05 <0.2
Ga <0.05 <0.2
Ge <0.05 <0.2
As <0.05 <0.2
Se <0.05 <0.2
Br ND <0.2
Rb <0.05 <0.2
Sr <0.05 <0.2
Y <0.05 <0.2
Zr <0.05 <0.2
Nb <0.05 <0.2
Mo <0.05 <0.2
Ru <0.05 <0.2
Rh <0.05 <0.2
Pd <0.05 <0.2
Ag <0.05 <0.2
cd <0.05 <0.2
In <0.05 <0.2
Sn <0.05 <0.2
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TABLE 1-continued

Impurity In MgCl, Salt (ppm) In NaCl Salt (ppm)
Sb <0.05 <0.2
Te <0.05 <0.2
I ND <0.2
Cs <0.1 <0.2
Ba <0.1 <0.2
La <0.1 <0.2
Ce <0.1 <0.2
Pr <0.1 <0.2
Nd <0.1 <0.2
Sm <0.1 <0.2
Eu <0.1 <0.2
Gd <0.1 <0.2
Tb <0.1 <0.2
Dy <0.1 <0.2
Ho <0.1 <0.2
Er <0.1 <0.2
Tm <0.1 <0.2
Yb <0.1 <0.2
Lu <0.1 <0.2
Hf <0.1 <0.2
Ta ND <0.2
w <0.2 <0.2
Re <0.2 <0.2
Os <0.2 <0.2
Ir <0.2 <0.2
Pt <0.2 <0.2
Au <0.2 <0.2
Hg <0.2 <0.2
Tl <0.2 <0.2
Pb <0.2 <0.2
Bi <0.2 <0.2
Th <0.2 <0.2
U <0.2 <0.2

The salts were mixed in a glovebox under an argon sparge
at 1 PSIG to obtain a starting NaCl—MgCl, mixture. Mg
metal was then added to the salt mixture in the form of flaked
Mg or coupons of Mg physically placed on top of the salt
mixture. The placement of the Mg was to allow the subse-
quent melting of the Mg to be visually confirmed. In this
experiment, 2.5 grams of Mg was added to 430 grams of
NaCl—MgCl, mixture.

Water was then removed from this salt mixture by slowly
heating a volume of the salt in a pressure vessel under a
purge of argon through the salt. This slow purge carries away
water, while simultaneously removing corrosive gaseous
byproducts (HCI). In the system used, the purge flow was
routed through the eventual transfer arm, which has the salt
filter in line. By purging argon through the line, the filter’s
integrity is preserved. Water removal can take several hours.

The rate of water removed from the salt was monitored by
separating the water from the purge gas and, after the water
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removal rate slowed, the salt was transitioned through the
salt’s melting point. This typically resulted in a ‘burp’ of
water outgassing. Purging was continued through this step.
As the salt fully melted the mixture was observed to be
bubbling as the argon passes through the melt. This visually
confirming the agitation of the salt. After passing through the
salt’s melting point, the temperature in the reaction vessel
was increased up to 700° C.

As the contents of the vessel passed through the tempera-
ture of 650° C., the magnesium became molten. As the
magnesium melts it was observed to puddle up on top of the
salt. Without being bound to any particular theory, it is
believed that the Mg formed an adherent crust on its surface.
The crust is likely magnesium oxide. The agitation from the
argon purge is believed to continuously disturb this crust and
assist in dispersing Mg metal throughout the salt.

A twenty four hour argon sparge at 700° C. was used
under the assumption that this period of time is sufficient for
the complete reaction of the Mg with the salt. After this
period, the liquid salt-Mg mixture was cooled to an accept-
able transferring temperature, roughly 550° C., and the
transfer arm/filter were preheated to prevent salt solidifying
the transfer arm during transfer. The cooling caused the
unused magnesium to freeze, allowing it to be easily filtered.
The filter in the transfer arm was a stainless steel 40 micron
filter.

After the transfer arm was heated and the salt was cooled,
the argon sparging was discontinued. The salt was allowed
to settle for roughly an hour. After the salt settled, the vessel
was pressurized with argon to force the salt through the
transfer arm and filter. The treated salt emerging from the
filter was then routed into a mold for freezing, or into a
receiving tank for long term storage. When poured out, the
salt was inspected visually for quality. Successful processes
resulted in a low corrosion salt composition that when
poured was observed to be translucent and that solidified
into a brilliant white solid, with minimal particulate in it.
Occasionally the liquid salt poured was observed to have a
tint of yellow, but usually is without color. Salt produced in
this method frequently can have less than one ppm of
combined nickel, chromium, and iron.

The following Table 2 includes the results of an analysis
of the salt obtained from the method described above for
different batches of salt. All tests were performed using the
EPA standard analysis SW846 6010B and are reported in
mg/kg. Where no number is listed, no analysis was per-
formed. “ND” indicates the results was below the detection
limit of the analysis. Specifics beyond or different from
those discussed above related to each example are provided
below.

TABLE 2

Mg Reduced NaCl—MgCl, Coolant Salt Analysis (mg/kg)

Total
NaCl—MgCl,

Na S Mg Ca Salt Cr Ni Fe Mo Mn
Example 1 177000 134000 974882 68 48 302 9 1
Example 2 181000 140000 1008555 134 252 970 4 12
Example 3 188000 142000 943600 70.3 356 503 ND ND
Example 4
Example 3, 187000 140000 ND 0.727 ND ND
Sample 1
Example 3, 185000 132000 ND 0.559 ND ND

Sample 2
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TABLE 2-continued

14

Mg Reduced NaCl—MgCl, Coolant Salt Analysis (mg/kg)

Total
NaCl—MgCl,
Na S Mg Ca Salt Cr Ni Fe Mo Mn
Example 5, 185000 138000 ND 0.676 ND ND
Sample 3
Example 6 183000 ND 137000 12.0 ND 322
Example 7 185000 ND 140000 ND 9.12 2.82 47.8

Example 1—Melt and filtration only, no Mg reduction.
The appropriate amount of NaCl and MgCl, was combined,
melted, and transferred through a nickel line and stainless
steel filter, into a storage molybdenum crucible. The transfer
occurred at roughly 3-4 PSI, much higher than the expected
0.7 PSI of hydrostatic pressure. This indicated that the salt
had many precipitates or that the filter had been corroded
during the bake out. No Mg metal was used during this
example. The resulting salt, after cooling, was concave on
the top with marbling. The inside showed an array of
“geode” like crystals. Color was slightly off white.

Example 2—Melt and filtration only, no Mg reduction.
Same as Example 1. A salt was obtained with indications of
crystals, a slightly more yellow color than Example 1
NaCl—MgCl,, but contained considerable “floating debris”
on the top.

Example 3—High temperature melt followed by filtra-
tion, Mg metal added, but no agitation. 430 grams of
98-99% pure grade salt were loaded into a nickel purifier.
The purifier was kept inside of a glove box and opened to its
atmosphere. Salt was heated at 550° C. for roughly 24 hours
while in contact with 43 mg of magnesium turnings. The salt
was not agitated with gas. As described above, the Mg
turnings were placed on top of the salt and observed to
puddle and melt. Otherwise, there was no agitation. The
glove box dewpoint increased to 11 ppm but had returned to
4 ppm by the end of the heating period, indicating that most
water had boiled off by that time. While the salt was pouring
it was translucent, but had an undeniable purple color. There
was no evidence of “cloudiness”.

Example 4—High temperature melt and Mg reduction,
followed by filtration, Mg metal added, but no agitation.
Similar procedure to NaCl—MgCl, (58-42 mol %) Example
2. The main difference being that salt was heated to 700° C.,
50° C. beyond the melting point of the magnesium reduction
agent. A total of 1.56 g of Mg reduction agent was added,
this time as a %" outside diameter rod. The rod was
introduced into the salt by hand via the salt charging port,
threaded to a 12" long stainless steel threaded rod. The
magnesium was able to melt into the salt after two, five
second exposures. It was cleanly removed from the rod and
the rod was removed. This salt was the most purple salt ever
made.

Example 5—Melt and Mg reduction with agitation, fol-
lowed by filtration. Similar procedure to NaCl—MgCl,
(58-42 mol %) Example 4. Magnesium rod, same as
Example 4, was loaded into the vessel. Mixed powdered salt
(identical to each Examples 1~4 of salt) was added. Salt was
purged with argon through the filter/transfer line during heat
up and melt down. Flow was adjusted until powder salt
could be faintly seen exhausting out of the top of the
purification vessel. Bubbling was confirmed through the
molten salt by noting vibrations on the transfer line. Salt was
heated to 700° C. during bubbling and held for 24 hours.
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Transfer was commenced and three samples were taken
while breaking the salt down for storage. This salt was found
by the analytical laboratory to have undetectable manga-
nese, chromium, iron, and barely detectable nickel via three
random samples. Salt composition was considered very
close to the eutectic. In this example, 430 g of treated salt
was made.

Example 6—Ilarger, pilot scale repeat of Example 5. In
this Example, 3 kg of treated salt was made in a single batch
using the argon agitation as described in Example 5. Inconel
600 vessels were used in a system as shown in FIG. 7 sized
for a 3 kg batch.

Example 7—even larger, production scale repeat of
Example 5. In this Example, 92 kg of treated MgCl,—NaCl
salt was made in a single batch using the argon agitation as
described in Example 5. Inconel 600 vessels were again used
in a system as shown in FIG. 7 sized for a 100-kg batch.

FIG. 3 illustrates a corrosion testing apparatus 300 created
to test the improved performance of the low corrosion
NaCl—MgCl, salt compositions created by the method
above. The corrosion testing apparatus 300 is primarily an
insulated loop 302 of steel tubing designed to heat the salt
in one portion of the loop. The density difference created by
the non-uniform temperatures in the loop 302 caused a
circulation of the salt around the loop 302. The loop 302 is
of a standardized design allowing multiple identical loops to
be created using different steels and other metal alloys as the
tubing material. This allows the standardized testing of
different tubing materials and different salts for their corro-
sion properties. The loops are designed to be operated for a
selected period of time (in this case 1000 hours) and then
destructive testing is performed on the steel tubing in order
to the determine and compare the corrosion between differ-
ent tubing materials and salts.

As shown in FIG. 3, the tubing of the loop 302 is laid out
in four sections in roughly a diamond shape. A main heating
section 304 at the bottom is provided sloping upward in the
direction of salt flow during operation. Following the direc-
tion of flow, the loop 302 then includes a vertical, insulated
section 306 of tubing referred to as the adiabatic hot section
306. The loop 302 then includes two additional insulated
sections 308, 310 as shown that complete the loop 302 and
return the salt to the beginning of the main heating section
304. Heat is only applied in the main heating section 304.
The remaining three sections are insulated but not actively
heated or cooled. During operation, the main heating section
is controlled to heat the salt to some preset nominal tem-
perature. Through steady state heat loss through the insula-
tion in the non-heated sections, the low temperature in an
experiment was allowed to come to a steady state tempera-
ture. This low temperature was observed to drop over time
in many instances, however, as corrosion byproducts build
up and impede the circulation of the salt. This effect was
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most easily seen in experiments that failed due to clogging
prior to completing the 1000 hour experimental period.

Additional components are included in the corrosion
testing apparatus 300 to facilitate the transfer of salt into and
out of the loop and monitor the operation of the loop during
testing. For example, temperature sensors (not shown) are
provides in multiple locations around the loop 302 to
monitor the temperature of the apparatus at different loca-
tions during operation.

In order to transfer salt into and out of the loops a primary
salt tank 312 and a flush salt tank 314 are provided as shown.
The primary salt tank holds fresh coolant salt and is designed
to allow a pressure applied to the salt in the primary salt tank
312 to flow into and charge the loop 302. Likewise, the flush
salt tank 314 holds flush salt and is designed to allow a
pressure applied to the flush salt in the flush salt tank 314 to
flow into and charge the loop 302. Flushing with flush salt
may be performed prior to and after an experiment as
desired. The flush salt tank 314 and the primary salt tank 312
are connected to the loop 302 by freeze valves 320, which
are essentially cooled portions of tubing.

A surge tank 316 is also provided to allow for surges due
to blockages forming in the loop or other non-nominal
conditions. Each tank is provided with salt charging ports
318 for filling and emptying of the tanks. They are likewise
provided with pressure ports to allow the application of
pressurized gas (e.g., argon) in order to force/assist the
movement of salt out of the and into the tanks.

During a corrosion test using the testing apparatus 300,
corrosion primarily occurs in the tubing of the main heated
section 304 of the loop 302. Depending on the chemistry of
the salt and the temperature and flow conditions, constitu-
ents of the material in the tubing (e.g., steel constituents such
as Fe, Cr, Nj, etc.) are solubilized from the tubing and diffuse
into the flowing bulk salt. These corrosion products are then
carried to the cold sections of the loop 302 where they can
be deposited, either through simple settling, nucleation, or
crystal growth. This has a double impact on the operation of
the loop 302 in that the main heating section is corroded
away and weakened while the cold sections of the loop are
getting progressively more clogged with the corrosion
byproducts.

In the testing performed, duplicate loops of the same
tubing material were tested, one with a low corrosion salt
and the other with an untreated or commercial reference salt.
After operating the loops for 1000 hours or until failure (e.g.,
due to clogging or rupture) whichever comes first, the loops
were disassembled and imagery was taken to visually
observe and compare the actual corrosion. The imagery
included taking a plan view and cross section view of the
interior surface of the tubing from the main heating section
304. The representative location of the plan and cross
section views are shown in the images of FIG. 4.

During testing it has been found that the low corrosion
NaCl—MgCl, salt (Example 5) produced by the above
described process outperformed a commercially-obtained
“Ultra dry 99.99% pure” untreated NaCl—MgCl, mixture
by a factor of five in corrosion rate (measured in microns per
year) in polythermal, flowing, corrosion tests. In addition,
the Mg-reduced salt of Example 5 outperformed the salts of
Examples 1-4 in corrosion tests significantly.

FIGS. 5-6 and 8 illustrate the imagery results of a specific
set of corrosion tests performed using the corrosion appa-
ratus above. In the experiments, tubes of Alloy 600 were
tested for corrosion with both low corrosion NaCl—MgCl,
(58-42 mol %) salt made as described above and a com-
mercially-available ultra dry 99.99% pure NaCl—MgCl,
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(58-42 mol %) salt. The main heating section in both
experiments was controlled to heat the circulating salt to
approximately 620° C. Alloy 600 is a nickel-chromium-iron
alloy designed for high temperature use. Both experiments
ran until they were terminated at about 1000 hours.

FIG. 5 presents the plan view images of the surface of the
interior of the tubing from the main heated section. As can
be seen from FIG. 5, the tubing surface of the control
experiment on the left shows significantly more surface
corrosion than that shown in the right for the low corrosion
salt of Example 5.

FIG. 6 presents the cross section view of the tubings from
the same experiments. In this case, the magnification of the
low corrosion salt is 4x that of the control salt. Again, the
images show that the tubing surface of the control experi-
ment on the left shows significantly more surface corrosion
than that shown in the right for the low corrosion salt. Based
on analysis of the images, as listed on FIGS. 5 and 6, voids
on the control experiment penetrations to a depth of 72
micrometers whereas voids on the tubing subjected to the
low corrosion salt penetrated to a depth of approximately 14
micrometers. This is a factor of 5 difference or, stated
another way, use of the low corrosion salt under the same
conditions resulted in just 20% of the corrosion observed in
the untreated salt.

FIG. 8 presents the cross section view of the tubings from
the same experiments, this time showing the removal of Ni,
Fe, and Cr. The dark color represent areas pure molybdenum
stripped of the Ni, Fe, and Cr. As shown, the untreated salt
heavily corrodes the steel of the tubing in comparison to the
treated salt.

Notwithstanding the appended claims, the disclosure is
also defined by the following clauses:

1. A method for manufacturing a less corrosive NaCl—
Mg(l, salt from a NaCl—MgCl, salt containing at least one
impurity, the method comprising:

mixing the NaCl-—MgCl, salt containing the at least one

impurity with Mg metal at a temperature above the
melting point of the NaCl—MgCl, salt and the Mg
metal to obtain a salt-Mg mixture containing at least
one reacted impurity; and

removing at least some of the at least one reacted impurity

from the salt-Mg mixture to obtain the less corrosive
NaCl—MgCl, salt.

2. The method of clause 1, wherein the mixing further
comprises:

adding solid Mg metal to solid NaCl—MgCl, salt to

obtain a solid salt and Mg composition; and

heating the solid salt and Mg composition to the tempera-

ture above the melting point of the NaCl-—MgCl, salt
and the Mg metal.

3. The method of clause 1, wherein the mixing further
comprises:

adding solid Mg metal to a liquid NaCl-—MgCl, salt to

obtain a salt and Mg composition; and

heating the salt and Mg composition to the temperature

above the melting point of the NaCl—MgCl, salt and
the Mg metal.

4. The method of clause 1-3, wherein the mixing further
comprises:

agitating the salt and Mg composition while maintaining

the salt and Mg composition at the temperature above
the melting point of the NaCl-—MgCl, salt and the Mg
metal.

5. The method of clause 1-4, wherein the at least one
impurity includes one or more impurities selected from
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water, Fe, FeCl,, Cr, CrCls, Ni, NiCl;, Cu, CuCl;, V, VCl;,
Ti, TiCl;, Mn, MnCl,, Mo, MoCl;, Zn, and ZnCl,.

6. The method of clause 1, further comprising:

removing excess Mg metal from the salt-Mg mixture after

the mixing operation.

7. The method of clause 1-6, further comprising:

cooling the salt-Mg mixture containing at least one

reacted impurity to below the boiling point of Mg
metal.

8. The method of clause 1-7, further comprising:

obtaining NaCl and MgCl,; and

mixing the NaCl and MgCl, to obtain the NaCl—MgCl,

salt containing at least one impurity.
9. The method of clause 1-8 further comprising:
monitoring a parameter indicative of a reaction between
Mg and the at least one impurities; and

maintaining the salt and Mg composition at the tempera-
ture above the melting point of the NaCl—MgCl, salt
and the Mg metal for a period of time selected based on
a comparison of the monitored parameter and a thresh-
old.

10. The method of clause 9 wherein the parameter is
generation of HCI from the salt and Mg composition.

11. The method of clause 9 wherein the parameter is time
spent at the temperature above the melting point of the
NaCl—MgCl, salt and the Mg metal.

12. The method of clause 1-11 wherein removing further
comprises:

filtering the salt and Mg composition.

13. The method of clause 1-12 wherein removing further
comprises:

separating precipitates from the salt and Mg composition.

14. The method of clause 1-13 wherein mixing further
comprises:

adding Mg metal to NaCl-—MgCl, salt in a vessel; and

heating the vessel until the Mg and NaCl-—MgCl, salt are

at the temperature above the melting point of the
NaCl—MgCl, salt and the Mg metal to obtain the
salt-Mg mixture.

15. The method of clause 14 wherein mixing further
comprises:

agitating the salt-Mg mixture in the vessel after heating

the vessel until the Mg metal and NaCl-—MgCl, salt are
at the temperature above the melting point of the
NaCl—MgCl, salt and the Mg metal.

16. The method of clause 15 wherein agitating further
comprises:

sparging an inert gas through the salt-Mg mixture in the

vessel.

17. The method of clause 15 wherein agitating further
comprises:

spinning an impeller in the salt-Mg mixture in the vessel.

18. The method of clause 1-17 wherein the less corrosive
NaCl-—MgCl, salt has less than 100 mg/kg of impurities.

19. The method of clause 1-17 wherein the less corrosive
NaCl-—MgCl, salt has less than 50 mg/kg of impurities.

20. The method of clause 1-17 wherein the less corrosive
NaCl—MgCl, salt has less than 10 mg/kg of impurities.

21. A salt created by any of the methods of clauses 1-17.

22. A method for manufacturing an MgCl,—X salt com-
prising:

providing an impure MgCl,—X salt containing one or

more impurities selected from water, Fe, FeCl;, Cr,
CrCl;, Ni, NiCl;, Cu, CuCl, V, VCl,, Ti, TiCl,, Mn,
MnCl,, Mo, MoCl;, Zn, and ZnCl,;

mixing the impure MgCl,—X salt with Mg at a tempera-

ture above the melting point of the impure MgCl,—X
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salt and the Mg to obtain a salt-Mg mixture containing
at least one reacted impurity; and

removing at least some of the at least one reacted impurity

from the salt-Mg mixture to obtain treated MgCl,—X
salt.
23. The method of clause 22, wherein the mixing further
comprises:
adding solid Mg to solid impure MgCl,—X salt to obtain
a solid salt and Mg composition; and

heating the solid salt and Mg composition to the tempera-
ture above the melting point of the impure MgCl,—X
salt and the Mg.

24. The method of clause 22, wherein the mixing further
comprises:

adding solid Mg to a liquid MgCl,—X salt to obtain a salt

and Mg composition; and

heating the salt and Mg composition to the temperature

above the melting point of the salt and the Mg.

25. The method of clause 22-24, wherein the mixing
further comprises:

agitating the salt and Mg composition while maintaining

the salt and Mg composition to the temperature above
the melting point of the MgCl,—X salt and the Mg.

26. The method of clause 22, further comprising:

removing excess Mg metal from the salt-Mg mixture after

the mixing operation.

27. The method of clause 22-26, further comprising:

cooling the salt-Mg mixture containing at least one

reacted impurity to below the boiling point of Mg
metal.

28. The method of clause 22-27 further comprising:

obtaining MgCl, and a second salt selected from KCI,

LiCl, or NaCl; and

mixing the MgCl, and the second salt to obtain the MgCl,

salt containing at least one impurity.
29. The method of clause 22-28 further comprising:
monitoring a parameter indicative of a reaction between
Mg and the at least one impurities; and

maintaining the salt and Mg composition at the tempera-
ture above the melting point of the MgCl,—X salt and
the Mg for a period of time selected based on a
comparison of the monitored parameter and a thresh-
old.

30. The method of clause 29 wherein the parameter is
generation of HCI from the salt and Mg composition.

31. The method of clause 29 wherein the parameter is time
spent at the temperature above the melting point of the
MgCl,—X salt and the Mg.

32. The method of clause 22-31 wherein removing further
comprises:

filtering the salt and Mg composition.

33. The method of clause 22-32 wherein removing further
comprises:

separating precipitates from the salt and Mg composition.

34. The method of clause 22-33 wherein mixing further
comprises:

adding Mg metal to the MgCl,—X salt in a vessel; and

heating the vessel until the Mg metal and MgCl,—X salt

are at the temperature above the melting point of the
MgCl, salt and the Mg metal to obtain the salt-Mg
mixture.

35. The method of clause 34 wherein mixing further
comprises:

agitating the salt-Mg mixture in the vessel after heating

the vessel until the Mg metal and MgCl,—X salt are at
the temperature above the melting point of the
MgCl,—X salt and the Mg metal.
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36. The method of clause 35 wherein agitating further
comprises:

sparging an inert gas through the salt-Mg mixture in the

vessel.

37. The method of clause 35 wherein agitating further
comprises:

spinning an impeller in the salt-Mg mixture in the vessel.

38. The method of clause 22-37 wherein the less corrosive
MgCl, salt has less than 500 mg/kg of impurities.

39. The method of clause 22-37 wherein the less corrosive
MgCl, salt has less than 100 mg/kg of impurities.

40. The method of clause 22-37 wherein the less corrosive
MgCl, salt has less than 50 mg/kg of impurities.

41. The method of clause 22-37 wherein the MgCl,—X
salt is selected from MgCl,—NaCl, MgCl,—LiCl,
MgCl,—KCl, MgCl,—NaCl—LiCl, MgCl,—NaCl—KCl,
MgCl,—NaCl—LiCl—KClI, or MgCl,—KCI—LiCl.

42. The method of clauses 22-41, wherein the Mg mixed
with the MgCl,—X salt is in the form of Mg metal.

43. A salt created by any of the methods of clauses 22-42.

44. A NaCl—MgCl, salt comprising:

at least 99.99% by weight NaCl and MgCl,; and

the balance being impurities other than NaCl or MgCl,.

45. The NaCl—MgC(l, salt of clause 44 further compris-
ing:

at least 99.995% by weight NaCl and MgCl,; and

the balance being impurities other than NaCl or MgCl,.

46. The NaCl-—MgC(l, salt of clause 44 further compris-
ing:

at least 99.999% by weight NaCl and MgCl,; and

the balance being impurities other than NaCl or MgCl,.

47. The NaCl—MgCl, salt of clause 44 further compris-
ing:

at least 99.9995% by weight NaCl and MgCl,; and

the balance being impurities other than NaCl or MgCl,.

48. The NaCl—MgC(l, salt of clause 44 further compris-
ing:

at least 99.9999% by weight NaCl and MgCl,; and

the balance being impurities other than NaCl or MgCl,.

49. A salt of MgCl, and one or more of LiCl, KCl, and
NaCl having less than 100 mg/kg of impurities.

50. The salt of MgCl, of clause 49, wherein the salt has
less than 50 mg/kg of impurities.

51. The salt of MgCl, of clause 49, wherein the salt has
less than 10 mg/kg of impurities.

52. The salt of MgCl, of clause 49, wherein the salt is
selected from MgCl,—NaCl, MgCl,—LiCl, MgCl,—KCl,
MgCl,—NaCl—LiCl, MgCl,—NaCl—KCl, MgCl,—
NaCl—LiCl—KCl, or MgCl,—KCI—LiCl.

53. A precursor product comprising:

1 part by weight Mg; and

from 1 to 500 parts by weight NaCl—MgCl,.

54. The precursor product of clause 53 further compris-
ing:

from 100 to 300 parts by weight NaCl—MgCl,.

Unless otherwise indicated, all numbers expressing quan-
tities of ingredients, properties such as molecular weight,
reaction conditions, and so forth used in the specification
and claims are to be understood as being modified in all
instances by the term “about.” Accordingly, unless indicated
to the contrary, the numerical parameters set forth in the
following specification and attached claims are approxima-
tions that may vary depending upon the desired properties
sought to be obtained.

Notwithstanding that the numerical ranges and param-
eters setting forth the broad scope of the technology are
approximations, the numerical values set forth in the specific
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examples are reported as precisely as possible. Any numeri-
cal value, however, inherently contain certain errors neces-
sarily resulting from the standard deviation found in their
respective testing measurements.

It will be clear that the systems and methods described
herein are well adapted to attain the ends and advantages
mentioned as well as those inherent therein. Those skilled in
the art will recognize that the methods and systems within
this specification may be implemented in many manners and
as such are not to be limited by the foregoing exemplified
embodiments and examples. In this regard, any number of
the features of the different embodiments described herein
may be combined into one single embodiment and alternate
embodiments having fewer than or more than all of the
features herein described are possible.

While various embodiments have been described for
purposes of this disclosure, various changes and modifica-
tions may be made which are well within the scope con-
templated by the present disclosure. For example, the
embodiments described above focused on a batch system for
treating MgCl,—X salts but continuous systems are also
possible and could be easily designed using the disclosure
above to perform the same methods and generate the same
salts in a continuous fashion. Numerous other changes may
be made which will readily suggest themselves to those
skilled in the art and which are encompassed in the spirit of
the disclosure.

What is claimed is:
1. A method for removing at least one impurity from a
NaCl—MgCl, salt, the method comprising:
combining the NaCl-—MgCl, salt containing the at least
one impurity with solid Mg metal in a vessel at a first
temperature to obtain a salt-Mg combination, the first
temperature being below a melting point of the solid
Mg metal;
heating the salt-Mg combination in the vessel to a second
temperature above a melting point of the NaCl—MgCl,
salt and the melting point of the solid Mg metal to
obtain a liquid salt-Mg mixture containing at least one
reacted impurity, the second temperature being up to
800° C.;
cooling the liquid salt-Mg mixture in the vessel to a third
temperature below the melting point of the solid Mg
metal but above the melting point of NaCl—MgCl, salt
to obtain a) a precipitate containing the at least one
reacted impurity and any excess Mg and b) a liquid
phase Mg-reduced NaCl—MgCl, salt; and
removing the liquid phase Mg-reduced NaCl-—MgCl, salt
from the vessel.
2. The method of claim 1, wherein the combining com-
prises:
mixing, in the vessel at the first temperature, solid Mg
metal with solid NaCl-—MgCl, salt to obtain a solid salt
and Mg composition, wherein the first temperature is
below the melting point of NaCl-—MgCl, salt.
3. The method of claim 1, wherein the mixing combining
comprises:
mixing, in the vessel at the first temperature, solid Mg
metal and a liquid NaCl—MgCl, salt to obtain a salt
and Mg composition.
4. The method of claim 1, wherein the combining further
comprises:
agitating the salt-Mg combination while maintaining the
temperature of the salt-Mg mixture above the melting
point of the NaCl-—MgCl, salt and below the melting
point of the solid Mg metal.
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5. The method of claim 1, wherein the at least one
impurity includes one or more impurities selected from
water, Fe, FeCl,, Cr, CrCls, Ni, NiCl;, Cu, CuCl;, V, VCl;,
Ti, TiCl;, Mn, MnCl,, Mo, MoCl;, Zn, and ZnCl,.

6. The method of claim 1, further comprising:

obtaining NaCl and MgCl,; and

mixing the NaCl and MgCl, to obtain the NaCl—MgCl,

salt containing at least one impurity.

7. The method of claim 1 further comprising:

determining a reaction threshold;
monitoring a parameter indicative of a reaction between
Mg and the at least one impurity; and

maintaining the salt-Mg mixture at the temperature above
the melting point of the NaCl-—MgCl, salt and below
the melting point of the Mg metal for a period of time
selected based on a comparison of the monitored
parameter and the threshold.

8. The method of claim 7 wherein the parameter is
generation of HCI from the salt-Mg mixture.

9. The method of claim 7, wherein the parameter is time
spent at the temperature above the melting point of the
NaCl—MgCl, salt and below the melting point of the Mg
metal.
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10. The method of claim 1, wherein the removing the
liquid phase Mg-reduced NaCl-—MgCl, salt from the vessel
comprises:

filtering the liquid phase Mg-reduced NaCl—MgCl, salt.

11. The method of claim 1, wherein the removing the
liquid phase Mg-reduced NaCl—MgCl, salt from the vessel
comprises:

separating the precipitate from the liquid phase Mg-

reduced NaCl—MgCl, salt.

12. The method of claim 4, wherein heating the salt-Mg
combination in the vessel to the second temperature further
comprises:

agitating the liquid salt-Mg mixture in the vessel after

heating to the second temperature.

13. The method of claim 12, wherein the agitating com-
prises:

sparging an inert gas through the liquid salt-Mg mixture

in the vessel.

14. The method of claim 1 wherein the NaCl—MgCl, salt
has less than 100 mg/kg of impurities.

15. The method of claim 1, wherein the NaCl-—MgCl,
salt has less than 50 mg/kg of impurities.
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